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Natural antibodies and complement are endogenous 
adjuvants for vaccine-induced CD8* T-cell responses 


Simona Stäger!, James Alexander’, Alun C Kirby!, Marina Botto, Nico Van Rooijen*, Deborah F Smith, 
Frank Brombacher® & Paul M Kaye! 


CD8* T cells are essential for long-term, vaccine-induced resistance against intracellular pathogens. Here we show that natural 
antibodies, acting in concert with complement, are endogenous adjuvants for the generation of protective CD8* T cells after 
vaccination against visceral leishmaniasis. IL-4 was crucial for the priming of vaccine-specific CD8* T cells, and we defined the 
primary source of IL-4 as a CD11b*CD11c!° phagocyte. IL-4 secretion was not observed in antibody-deficient mice and could be 
reconstituted with serum from normal, but not Btk immune-deficient, mice. Similarly, no IL-4 response or CD8* T-cell priming 
was seen in Clqa“ mice. These results identify a new pathway by which immune complex—mediated complement activation can 
regulate T-cell-mediated immunity. We propose that this function of natural antibodies could be exploited when developing new 


vaccines for infectious diseases. 


The importance of CD8* T cells in host protection against intracellu- 
lar pathogens is well recognized!, and CD8* T-cell priming is cru- 
cial for successful vaccination against leishmaniasis*. Although 
genome sequencing projects now provide a plethora of potential vac- 
cine candidates°, few criteria exist for selecting from them, and anti- 
gen choice remains largely empirical. In addition, successful 
vaccination requires antigen targeting to the major histocompatibility 
class I processing pathway and a cytokine milieu that favors CD8* 
T-cell priming and differentiation*®. Recent interest has focused on 
how antibody and complement regulate CD8* T-cell-mediated 
immunity. Fc receptor (FcR)-mediated uptake of immune complexes 
facilitates class I-restricted antigen presentation®’, leading to the sug- 
gestion that vaccine efficacy might be improved by immunization 
with preformed immune complexes®’. Mice deficient in complement 
component C3 (C37) mount poor cytotoxic T-lymphocyte (CTL) 
responses to infection with influenza virus!° and lymphocytic chori- 
omeningitis virus!!. However, neither complement receptor (CR)1 
nor CR2 seem crucial to the regulation of CD8* T cells, in contrast to 
their roles in promoting humoral and CD4* T-cell responses!?. 
Precisely how complement regulates CD8* T-cell responses remains 
unknown. 

Natural antibodies are the germline-encoded IgM, IgG and IgA 
found in normal humans and other animals!>!4, They have low 
affinity compared with hypermutated antibodies generated during 
normal immune responses, and have broad reactivity to a variety 
of self-antigens!4. Most natural antibodies are produced by self- 


renewing B-1 B cells, which preferentially localize to the peri- 
toneum), Natural antibodies serve as innate microbial recognition 
receptors, recognizing various bacterial cell wall components). 
Natural antibodies to phosphorylcholine can protect against pneu- 
mococcal disease!’, and natural antibody-dependent complement 
activation has a role in lipopolysaccharide clearance and protection 
from endotoxemia!*. A specific role for natural antibodies in the reg- 
ulation of acquired T-cell-mediated immunity during infection or 
vaccination has not been described. 

We now show a direct and previously unrecognized link between 
recognition of pathogen-derived molecules by natural antibodies 
and induction of a new complement-dependent, IL-4-mediated 
pathway of CD8* T-cell priming. Our study brings together a num- 
ber of independent observations on the role of antibody and 
complement in CD8* T-cell activation. These data form the basis of a 
coherent model for how immune complexes involving natural 
antibodies act as a bridge between innate and vaccine-induced 
acquired immunity. In addition, we suggest a new approach for the 
selection of candidate vaccine antigens, emphasizing their recogni- 
tion by natural antibodies. 


RESULTS 

IL-4-dependent priming of CD8* T cells 

Hydrophilic acylated surface protein (HASP)B-1, a member of a fam- 
ily of proteins expressed by infective stages of Leishmania parasites!”, 
was recently identified by us as a lead candidate for vaccination 
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against visceral leishmaniasis*. Immunization with recombinant 
HASPB-1 induced antigen-specific CD8* T cells and long-term pro- 
tection, which are both characteristics attributed to DNA vaccines. 
However, neither protective vaccination nor generation of CD8* 
T cells required the use of exogenous adjuvant or artificial delivery 
systems’. As part of a study to determine the cytokine requirements 
for protection in this model, we immunized IL-4-deficient mice with 
recombinant HASPB-1 and challenged them with Leishmania dono- 
vani. Compared with control BALB/c mice, [/4~/~ mice were not pro- 
tected (Fig. 1a). Vaccination also failed in I/4ra~/~ mice, which lack 
responsiveness to both IL-4 and IL-13 (Fig. 1b). To assess whether this 
result was obtained because recombinant HASPB-1-specific CD8* 
T cells were not primed, we isolated spleen cells from vaccinated ani- 
mals before challenge, restimulated them with recombinant 
HASPB-1 and assessed the frequency of IFN-y-producing cells. The 
frequency of HASPB-1-specific CD8* T cells increased after vaccina- 
tion of BALB/c (Fig. 2a), but not I14-^, mice (Fig. 2b). As an alternate 
measure of CD8* T-cell priming, we assayed HASPB-1-specific CTL 
activity. CTLs that were able to kill HASPB-1-expressing target cells 
were readily expanded from vaccinated BALB/c, but not I14⁄, mice 
(Fig. 2c). Finally, we examined the protective capacity of these CD8* 
T cells using an adoptive transfer approach. CD8* T cells from vacci- 
nated BALB/c, but not I/4~/-, mice could transfer protection to both 
the spleen (Fig. 2d) and liver (Fig. 2e) of infected BALB/c recipients. 
Together, these experiments indicated for the first time a crucial 
requirement for IL-4 in CD8* T-cell-dependent vaccination against 
leishmaniasis. 


CD11b*CD11c'° phagocytes provide early IL-4 

Recombinant HASPB-1 induced rapid IL-12p40 and IL-12p70 pro- 
duction in CD11c dendritic cells’. We used BALB/c and Il4ra~ 
mice to determine whether injection of recombinant HASPB-1 would 
result in secretion of both IL-4 and IL-12. As Il4ra~/- mice do not 
respond to IL-4, they provided a means of dissecting any temporal 
relationships between IL-4 and IL-12 secretion. An increase in the 


Figure 2 Priming of recombinant HASPB1-specific CD8* T cells requires 
IL-4. (a,b) Spleen cells from individual BALB/c mice (a) and //4* mice 

(b) were immunized with recombinant HASPB-1 (rHASBP-1; @, ©) or 
ovalbumin (W, ©), cultured with (@, W) or without (O, O) recombinant 
HASPB-1 and assayed for IFN-y-producing CD8* T cells. NS, not significant. 
Horizontal bars indicate mean values. (c) CTL activity of BALB/c-derived 
(@, O) and //4“-derived (Ml, 0) CD8* T cells against HASPB-1-expressing 
(@, E) or control (O, O) targets. (d,e) CD8* T cells from naive or vaccinated 
BALB/c or //4“~ mice were transferred into BALB/c recipients, and parasite 
burden in spleen (d) and liver (e) was determined on day 50 after infection. 
WT, wild-type. *, P< 0.05 compared with mice receiving cells from 
unvaccinated mice. 


















































Figure 1 IL-4 is required for vaccination against leishmaniasis. (a) Groups of 
control (@, A) and vaccinated (O, A) BALB/c (@, O) and //4~“~ (A, A) mice 
(n= 5 per group) were challenged with L. donovani, and parasite burden 
(expressed in Leishman Donovan units?) in the spleen was determined at the 
times indicated. (b) Parasite burden of BALB/c mice (@, O) compared with 
ll4ra mice (A, A), as ina. *, P< 0.05; **, P< 0.01 compared with 
unvaccinated mice. 


frequency of IL-4-secreting cells was observed in both strains injected 
with recombinant HASPB-1 (Fig. 3a). In contrast, BALB/c mice had 
an increased frequency of IL-12p70-secreting cells, whereas 14ra- 
mice did not (Fig. 3b). These data placed IL-4 upstream of IL-12p70 
production, supporting an instructional role for IL-4 (ref. 18). IL-12 
produced in response to IL-4 must also be involved in providing an 
appropriate cytokine milieu for CD8* T-cell priming, as 11127 mice 
were also unable to prime HASPB-1-specific CD8* T cells after vacci- 
nation (Fig. 3c). 

In BALB/c (but not [/4ra~-) mice, IL-4 secretion was observed in 
populations enriched for CD11c cells (~70-80% conventional den- 
dritic cells) and CD11 CD4* cells (~80% CD4* T cells). This result 
indicated that conventional CD11c dendritic cells and CD4* T cells 
only secrete IL-4 in response to IL-4Ra signaling. The primary source 
of IL-4 in IL4ra~~ mice, identified by magnetic bead-activated cell 
sorting (MACS), was CD1 1clo/nesCD4-cells (Fig. 4a), which could be 
positively selected using monoclonal antibody to CD11b (Fig. 4b). To 
further characterize the IL-4 response in these CD11b* cells, we used 
real-time RI-PCR to analyze the accumulation of IL-4 mRNA. 
MACS-enriched (~80%) CD11b* cells, but not CD11b-depleted 
spleen cells (<1% CD11b*), showed a rapid and transient IL-4 
response after administration of recombinant HASPB-1 (Fig. 4c). To 
confirm the identity of these CD11b* cells, we used IL-4—enhanced 
green fluorescent protein (EGFP) reporter mice (‘4get’ mice)!?. We 
identified a distinct population of EGFP*CD11b*CD11c!® cells 
(~0.5% of total spleen cells) in mice that had received recombinant 
HASPB-1, but not in control untreated mice (Fig. 4d). To examine 
whether these cells belonged to the mononuclear phagocyte lineage, 
we administered liposomes containing clodronate (dichloromethyl- 
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Figure 3 IL-4 secretion is upstream of IL-12 a 
production. (a,b) IL-4 (a) and IL-12 (b) 
responses of spleen cells from BALB/c (E, 
and //4ra’- (Ml, @) mice that were untreated 
(Œ, E) or injected with recombinant HASPB-1 
(rHASPB-1; ). **, P< 0.01 compared with 
untreated mice. (c) Spleen cells from individual 
C57BL/6 (left) and 1/12- (right) mice were 
immunized with recombinant HASPB-1 (@, ©) 
or ovalbumin (A, A) were cultured with (@, A) 
or without (O, A) recombinant HASPB-1 and 
assayed for IFN-y-producing CD8* T cells. 

NS, not significant. 
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ene bisphosphonate). This treatment, which selectively induces apop- 
tosis in mononuclear phagocytes (including monocytes, 
macrophages and dendritic cells)°, completely ablated IL-4 secretion 
(Fig. 4e). Mast cells and basophils have been reported to express IL-4 
(refs. 21,22), but we observed no increase in the frequency of 
EGEPtEc-eR" cells in 4get mice treated with recombinant HASPB-1 
(data not shown). In addition, in vivo depletion of mast cells with 
monoclonal antibody to c-Kit did not alter the response to recombi- 
nant HASPB-1 (Fig. 4f). Similarly, in vivo depletion of granulocytes 
and plasmacytoid dendritic cells with Gr1 monoclonal antibody and 
depletion of natural killer cells with ASGM-1 antiserum had no effect 
on IL-4 secretion (data not shown). Together, these data indicate that 
CD11b*CD11c! mononuclear phagocytes are the primary source of 
IL-4 secretion after injection of recombinant HASPB-1. 


œ 
i=} 
œ 
[e] 


D 
[e] 
D 
[=] 


a 

[=] 
a 
o 


N 

S 
v 
© 


IL-4* spots per 10° splenocytes 
IL-4* spots per 105 splenocytes 



































CD11c* CD1107 CD10 
cD4* cD4- 4 
Cc d 
g 60] E CD11b- 
52 $ 
BS 50 CD11b 
a2 
5E 
5 
BE £ 
2 = 
Q 
fe 
28 
=a 
Naive th 3h 
e g 350 f 
k N 
S 300 2 
2 3 
2 3 
G 250 5 
0 a 
© 200 2 
ra D 
2 150 z0 
g & 
Ə 100 g 40 
= 3 
+ 50 @ 20 
= + 
0 = 0 
pre E 2 > eeo 
efes os & E Ssg 
PELE EE LE 5 FS 
SKIIF NLN KS R o h 
STSP Se x v6 
& & eX 
S SS 


ARTICLES 














b c P<0.05 
P<0.05 

y 1407 i 3 (p) 3 

2 e 

ky 2 

£ E 

2 + 

: g 2) — 2] ns 

è S |e 5 

a 2 NS 

2 fit * ov Vv iy 01 

© = e 

Q o ° me o v 

a x = Sse ok mn 

z 0 Oo wv pleo 
Immunization + + = E — 
rHASPB-1 paĝ oe, ee 


Production of IL-4 requires natural antibodies 

We injected recombinant HASPB-1 into severe combined immuno- 
deficiency (SCID) mice and, unexpectedly, observed no IL-4 
response. However, after transferring normal serum from BALB/c 
mice to the SCID mice, IL-4 secretion in response to recombinant 
HASPB-1 was restored (Fig. 5a). This experiment further excluded 
the possibility that T cells, B cells and CD4* natural killer T cells act as 
a primary source of IL-4, and indicated a role for serum antibodies. 
IL-4 secretion was also absent in B-cell-deficient mice, but was 
restored after serum transfer (data not shown). 

Normal serum contains a substantial amount of natural IgM anti- 
bodies, secreted predominantly by B-1a cells. To determine whether 
such antibodies might be involved in the IL-4 response to HASPB-1, 
we took two approaches. First, we sorted B220*CD5tIgD*"' peritoneal 
B-1a cells and showed that they spontaneously produced HASPB-1- 
specific IgM in vitro (Fig. 5b). At the level of cell plating in these assays, 
we did not detect IgG3 secretion by these cells. Peritoneal 
B220*IgMPs|gp4ull B cells, including both B-la and B-1b cells?*24, 
also spontaneously secreted IgM that recognized HASPB-1, though at 
lower frequency than in sorted B-1a cells (data not shown). Next, we 
tested the role of B-1 cell-derived antibodies in the IL-4 response, 
using adoptive transfer of serum from CBA/N mice. CBA/N mice 
carry the Btk mutation?” and are severely deficient in B-1 cells, as well 
as having reduced numbers of conventional B cells*®. Serum from 
wild-type CBA/J, but not mutant CBA/N, mice restored the capacity of 
SCID mice to secrete IL-4 (Fig. 5c). Collectively, these data strongly 
suggest that B-1 B-cell-derived IgM natural antibodies initiate the pri- 
mary IL-4 response to recombinant HASPB-1. We also found that 
serum from IgM-deficient mice?” was able to transfer the IL-4- 
secreting capacity to SCID mice (Fig. 5d), suggesting that, at least in 
IgM-deficient mice, other natural antibody isotypes may accumulate 
in serum to a biologically significant level. To extend our observations 
on immune complex—mediated IL-4 secretion, we transferred normal 
or ovalbumin-specific immune serum into SCID mice before injecting 


Figure 4 CD11b*CD11c'° phagocytes are responsible for primary IL-4 
secretion. (a) IL-4 secretion by MACS-separated spleen cells from control 
BALB/c (M) and /L4ra ^ (H) mice, and BALB/c (O) and //4ra7~ (@) mice 
injected with recombinant HASPB-1 (rHASPB-1). (b) IL-4 secretion by 
CD11b* cells from control (ll) or HASPB-1-injected (O) mice. (c) IL-4 
mRNA accumulation in CD11b* (O) and CD11b- (W) cells after injection of 
recombinant HASPB-1 (n = 4-5 mice per time point). (d) EGFP* spleen 
cells from control 4get mice (left) and spleen cells 3 h after injection of 
recombinant HASPB-1 (right). Cells were gated on FL-1 and then analyzed 
for CD11b and CD11c. Control spleen cells contain abundant (~6-7% of 
total spleen cells) autofluorescent and spontaneously EGFP* cells. 

(e,f) IL-4 secretion by spleen cells from naive or HASPB-1-injected BALB/c 
mice, treated with clodronate liposomes (e) or c-Kit monoclonal antibody 
(f). *, P< 0.05; **, P< 0.01 compared with untreated mice. 
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Figure 5 


L-4 secretion requires immune complexes. (a) IL-4 responses of spleen cells from BALB/c (W) or SCID ( 
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) mice injected with recombinant 





HASPB-1 (rHASPB-1), with or without serum transfer. (b) Frequency of FACS-purified B220*CD5*|lgD“" peritoneal B-la cells secreting IgM antibodies that 
recognize HASPB-1 or ovalbumin (Ova). (c) IL-4 response to recombinant HASPB-1 in SCID mice reconstituted with serum from wild-type CBA/J or mutant 
CBA/N mice. (d) IL-4 responses of SCID mice reconstituted with serum from wild-type (+IgM) or IgM-deficient (-lgM) BALB/c mice. (e) IL-4 responses in 
SCID mice injected with ovalbumin in the presence or absence of antibodies to ovalbumin (Anti-ova Ig). *, P< 0.05; **, P< 0.01 compared with untreated 


mice (a,c,d) or the IgM response to ovalbumin (b). 


them with ovalbumin. In the presence of specific antibodies to ovalbu- 
min, ovalbumin injection induced IL-4 secretion comparable to that 
induced by recombinant HASPB-1 (Fig. 5e). We therefore concluded 
that immune complexes can, in general, provide a means of stimulat- 
ing primary IL-4 secretion from CD11b+CD11c! phagocytes. 


Complement activation induces IL-4 secretion 

One consequence of immune complex formation is activation of 
the classical complement pathway. We used two approaches to 
evaluate whether complement activation had any role in regulat- 
ing the IL-4 response described above. After depletion of comple- 
ment with cobra venom factor, both BALB/c (Fig. 6a) and 
serum-transferred SCID (data not shown) mice were unable to 
secrete IL-4 in response to recombinant HASPB-1. In addition, the 
frequency of HASPB-1l-induced EGFP*CD11b*CD11c!® cells 
(Fig. 4d) cells was reduced by 82% in 4get mice treated with cobra 
venom factor (data not shown). Confirming the downstream con- 
sequences of IL-4 deficiency, complement-depleted BALB/c mice 
were also unable to mount a detectable IL-12 response (Fig. 6b). 
Clq-deficient mice?’ were used to confirm the importance of clas- 
sical pathway activation. Neither IL-4 (Fig. 6c) nor IL-12 (Fig. 6d) 
secretion was observed in Clqa?- mice. Furthermore, these mice 
could not prime recombinant HASPB-1-specific CD8* T cells 
(Fig. 6e,f). Together, our results define immune complex- 
mediated complement activation as a crucial step in the genera- 
tion of IL-4-dependent CD8* T-cell responses after vaccination 
with recombinant HASPB-1. 
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DISCUSSION 

Our results show that the innate antibody repertoire, in conjunction 
with complement, can provide an instructional role for the genera- 
tion of CD8* T-cell responses. The first important observation 
underpinning this conclusion is the identification of IL-4 as a crucial 
cytokine for priming HASPB-1-specific CD8* T cells and for vaccine- 
induced protection against visceral leishmaniasis. IL-4 has a signifi- 
cant role in the induction of tumor-specific and some, but not all, 
antiviral CD8* T-cell responses””””. An essential requirement for IL-4 
in vaccine-induced CD8* T-cell responses has not been previously 
described, and might explain why Leishmania vaccines using strong 
IFN-y-promoting adjuvants have met with only partial success com- 
pared with vaccines containing alum?! ?. Our data and that of oth- 
ers!®:3334 place IL-4 at the head of a cytokine cascade involved either 
directly or indirectly in instructing T-cell priming and differentiation. 
Nevertheless, identifying the primary source(s) of IL-4 has been 
extremely difficult and has led to controversial results?!35. Our 
second major observation, therefore, is that CD11btCD1 1clo 
clodronate-sensitive phagocytes are the primary source of IL-4 in this 
system. Recently, a CD11btCD11c!™ pre-dendritic cell population 
has been identified in mouse peripheral blood*®. On the basis of our 
phenotyping to date, the pre-dendritic cell is a possible candidate for 
the IL-4-secreting cell described here. However, we cannot rule out 
other subpopulations of monocytes or macrophages, which may have 
low levels of CD11c expression. Although dendritic cells and other 
mononuclear phagocytes are not often associated with IL-4 secretion, 
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Figure 6 Cytokine secretion and CD8* T-cell priming are complement-dependent. (a,b) Secretion of IL-4 (a) and IL-12p70 (b) in BALB/c mice depleted 
of complement with cobra venom factor (CVF). (c,d) IL-4 (c) and IL-12p70 (d) secretion in B6 and Clqa* mice in response to recombinant HASPB-1 


(rHASPB-1). (e,f) CD8* T-cell responses in B6 (e) and Clga~ (f) mice immunized with recombinant HASPB-1 (@, O, A, A) or ovalbumin (i, 











, +, }), 





with or without restimulation with recombinant HASPB-1. *, P< 0.05; **, P< 0.01 compared with untreated mice; NS, not significant. 
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this lineage has considerably more functional heterogeneity in vivo 
than its often-studied bone marrow-derived counterparts. Further 
studies with an extended panel of cell surface markers are clearly war- 
ranted to obtain an unambiguous identification. Nevertheless, the 
identification of a pathway of IL-4 secretion linked to complement 
activation may have important implications for understanding the 
role of complement in various aspects of acquired immunity. IL-4 has 
a major role, both directly and indirectly, in CD4* T-cell differentia- 
tion*?, B-cell activation*? and regulation of macrophage antimicro- 
bial function*?. Our study suggests that the potential involvement of 
IL-4 in some previously reported complement-dependent effects*!# 
must now be carefully addressed. 

The consequences of pathogen recognition by natural antibodies 
have usually been thought of simply in terms of opsonization and 
clearance!>!®, The third major conclusion from our study, therefore, 
is that natural antibody recognition of pathogen-derived proteins can 
act as a trigger for complement-dependent pathway(s) leading to IL-4 
production. Hence, this property of natural antibodies endows them 
with natural adjuvant activity. The failure of serum from Btk mice to 
transfer IL-4-secreting capacity, as well as the production of HASPB- 
1-specific IgM antibodies by peritoneal B-1a B cells, strongly suggests 
that natural antibodies recognize this Leishmania protein and under- 
pin its efficacy as a vaccine. The structural features of HASPB-1 that 
impart recognition by natural antibodies are presently unknown, but 
it is notable that L. donovani HASPB-1 (together with other members 
of the HASPB-1 family) contains multiple repeats!”, a feature shared 
with other targets of natural antibody recognition®’. 

The availability of full genome sequence data for many important 
human pathogens presents major challenges for the screening and 
identification of new vaccine candidate antigens. Our observation 
that immune complexes formed with natural antibodies can result in 
IL-4 secretion and efficient CD8* T-cell priming leads us to suggest 
that natural antibodies could be used to identify potential vaccine 
candidate antigens. In cases such as this study, where IL-4-dependent 
responses are clearly essential for vaccine efficacy, the use of natural 
antibodies may provide a convenient means of selecting from a vast 
array of potential vaccine candidates. In contrast, where 
IL-4-dependent responses may be detrimental, it may be preferable to 
choose antigens that are not targets for natural antibody recognition. 


METHODS 

Mice and parasites. We used the following mouse strains (kept under barrier 
conditions): BALB/c (Tuck); CBA/J and C57BL/6 (B6; Charles River); 
BALB/c-background I/47~ and Il4ra7- (ref. 44), IgM-deficient (ref. 27) and 
SCID (National Institiute for Medical Research); and B6-background Clqa7— 
(ref. 28), 112“ (American Type Culture Collection), 4get (ref. 19; ATCC) and 
B-cell-deficient (B & K Universal). L. donovani amastigotes (strain LV9) were 
isolated from infected hamsters as described*. Mice were infected with 2 x 107 
amastigotes through the lateral tail vein. Hepatic and splenic parasite burdens 
were determined from Giemsa-stained tissue impression smears, and data 
were presented in Leishman Donovan units (LDU)?. All animal procedures 
were approved by the institutional Animal Procedures Ethics Committees and 
the UK Home Office. 


Antigen preparation and vaccination. Recombinant HASPB-1 was either 
purified as described? or by reverse-phase high-performance liquid 
chromatography (97% purity; 0.17 endotoxin units per mg recombinant 
HASPB-1; Dictagene). Mice were vaccinated subcutaneously with recombi- 
nant HASPB-1 or ovalbumin (Sigma-Aldrich) and infected 3 weeks later. 


Flow cytometry. Spleen cells from vaccinated mice were cultured overnight 
with or without recombinant HASPB-1 and recombinant IL-2, and stained 
with Tricolor-labeled antibody to CD8 (clone CT-CD8qa; Caltag) and 


ARTICLES 


R-phycoerythrin-labeled antibody to IFN-y (clone BVD6-24G2; Serotec)’. 
Isotype controls were used to set markers. Samples were analyzed using a 
FACSCaliber (Becton Dickinson) and CellQuest software. To identify 
IL-4-producing cells in 4get mice, an FL-1 gate was set to include all potential 
EGFP* and autofluorescent cells. Gated cells were subsequently analyzed for 
CD11b and CD11c expression. Fc-eR* cells were identified by staining with 
purified mouse IgE, biotinylated antibody to mouse IgE and streptavidin- 
allophycocyanin (all from PharMingen)?}*. 


CTL assay. P815 cells were stably transfected with the pCIneo vector, bearing 
the open reading frame of HASPB-1 (ref. 17), or the vector alone, and used as 
targets. Effector CD8* T cells were expanded from vaccinated mice with 
30 ug/ml recombinant HASPB-1. Recombinant IL-2 (20 U/ml) was added 3 d 
later, and CD8* cells were purified at day 7 by MACS using CD8 antibodies 
bound to microbeads (Miltenyi Biotec). CTL activity was measured in a 4-h 
lactate dehydrogenase release assay (Boehringer Mannheim). Data were 
expressed as percentage of specific lysis, defined as (experimental lysis — 
spontaneous lysis) + (maximum lysis — spontaneous lysis) x 100. Total sponta- 
neous release was calculated as the sum of spontaneous release by target and 
effector cells. 


Adoptive transfer of CD8* cells. CD8* T cells from vaccinated mice were iso- 
lated by MACS (1-2.5% CD4* cell contamination). Each animal received 
3-4 x 10° CD8* cells intravenously. Recipient mice were infected 1 d after 
transfer, and parasite burden was assessed. 


ELISpot assays. Splenocytes or MACS-purified subpopulations were directly 
assayed ex vivo 5 h after injection by ELISpot for IL-4 and IL-12p70 pro- 
duction as described**°. The number of spots per 10° total spleen cells was 
calculated from triplicate wells for each mouse (n = 3). After separation, 
cell suspensions were adjusted and plated to represent the contribution each 
population makes to the response of 10° unfractionated spleen cells. 

We used an ELISpot assay!® with alkaline phosphatase—conjugated antibody 
to mouse IgM (u-chain specific) and horseradish peroxidase—conjugated anti- 
body to mouse IgG3 (Serotec) to determine the frequency of cells secreting 
antibody to HASPB-1. Ovalbumin was used as a control protein. 
B220*CD5*IgD%! B-1a cells and B220%"/posfempostepdull B-1a and B-1b 
cells? were identified in nonadherent peritoneal cells after staining with 
FITC-conjugated antibody to IgD (clone 11-26c.2a), biotinylated antibody to 
IgM (clone II/41), phycoerythrin-conjugated antibody to B220 (RA3-6B2), 
peridinin chlorophyll protein—conjugated antibody to CD5 (53-7.3; all from 
PharMingen) or streptavidin-allophycocyanin as required, and sorted to 
>98% purity using a FACSVantage (Becton Dickinson). 


Serum transfer and depletions. 500 ul of normal or CBA/N serum was admin- 
istered intraperitoneally into SCID or LMT mice 1 d before intravenous injec- 
tion of recombinant HASPB-1. Gr1* cells were depleted (by >95% for 
neutrophils and >85% for plasmacytoid dendritic cells) using 200 ug RB6-8C5 
(ref. 47). Natural killer cells were depleted using polyclonal antibody to 
asialoGM1 (Cedarlane Laboratories). For mononuclear phagocyte depletion, 
mice received 200 ul of dichloromethylene bisphosphonate‘ or control lipo- 
somes intravenously, 1 d before recombinant HASPB-1. Mast cells were 
depleted with 1 mg antibody to c-Kit (ACK2; ref. 49), given intraperitoneally 
1 d before recombinant HASPB-1 injection. Depletions were confirmed by 
histology. Complement was depleted with 30 ug cobra venom factor (Quidel) 
intravenously, 18 h and again 3 h before recombinant HASPB-1 injection. 


Real-time RT-PCR. Real-time RT-PCR was carried out as previously 
described”. RNA was isolated from spleen tissue using an RNeasy Mini Kit 
(Qiagen) according to the manufacturer’s instructions, and reverse-transcribed 
into cDNA. We used the following oligonucleotides: [/4 forward, 5’-CCT- 
CACAGCAACGAAGAACA-3’; [/4 reverse, 5’-TGGACTCATTCATGGTGCAG- 
3’; hypoxanthine guanine phosphoribosyl transferase (Hprt), as described>°. 
The number of [/4 and Hprt cDNA molecules in each sample was calculated 
using QuantiTect SYBR Green Master Mix (Qiagen) and an ABI Prism 7000 
sequence detection system (Applied Biosystems). Standard curves were con- 
structed with known amounts of [/4 and Hprt cDNA. 
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Statistical analysis. Statistical analysis was done using a paired Student t-test 
or U-test depending on the sample size. P < 0.05 was considered significant. 
Each experiment was repeated at least twice, with similar results. 
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